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Objectives. To detect emboli in the venous system using a Doppler ultrasound device with embolism detecting software.
Methods. Pulmonary embolism (PE) was induced by injecting thrombus through the iliac vein of castrated swine under
general anaesthesia. Data recorded from the Doppler system were analysed for high intensity transient signals (HITS) us-
ing receiver operating characteristic curves. Four different thrombi (5 or 10 mm long and 3 or 5 mm in diameter) were then
injected to assess the quantitative analysis.
Results. Thrombus could be detected in the venous system by the Doppler ultrasound device with an embolism detecting
function. Appropriate confidence level was 60%. If thrombus were assumed to travel at the maximum flow rate (30 cm/s) in
the inferior vena cava, the estimated embolism size was 10.4 S.D. 2.8 mm for 3 mm and 10.8 S.D. 4.9 mm for 5 mm, both of
which were close to 10 mm.
Conclusion. Thrombi could be detected as high intensity transient signals in the venous system. The appropriate confi-
dence level was 60%. The size of emboli can be estimated if they are more than 3 mm in diameter when the venous
flow rate is 30 cm/s or less. Our results suggest that it may be possible to detect emboli in the subclavian vein, axillary
vein or inferior vena cava in clinical cases.
 2007 Published by Elsevier Ltd on behalf of European Society for Vascular Surgery.
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Most cases of acute pulmonary embolism (PE) are
caused by deep vein thrombosis (DVT) in the lower
extremities. DVT can occur in inpatients after surgical
operations and various prophylaxis methods have
been reported to prevent this.1e5 Currently, PE is diag-
nosed by lung ventilation and perfusion scintigraphy,
angiography, or enhanced chest computed tomogra-
phy scans, however, no diagnostic examination can
detect and record emboli as they pass through the
IVC.
Transcranial Doppler ultrasound (TCD) is a method
to detect emboli including air, thrombus and ather-
oma as high intensity transient signals (HITS) in the
arterial blood flow using a Doppler ultrasound de-
vice. TCD is acknowledged as a useful method in
demonstrating the cause of transient ischaemic attacks
affecting the brain. Examples of this method include
detecting embolic disorders in the arterial system aris-
ing from the heart during cardiac surgery6,7 and for
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tomy.8e10 The same Doppler ultrasound apparatus
has been applied to peripheral arteries and has iden-
tified emboli in a patient with blue toe syndrome.11
This technique has been used during percutaneous
transluminal angioplasty and stent placement for pe-
ripheral artery disease. No report of detection of
thromboembolic events in the venous circulation has
been published using Doppler ultrasound and no
test has been developed to predict PE. The purpose
of the current study is to develop a new technique
to detect thromboemboli in the venous system using
Doppler ultrasound monitoring in a swine model.
Materials and Methods
Castrated male swine (32e35 kg) were attached to
several monitors, including blood pressure, electro-
cardiography (ECG), and percutaneous oxygen satu-
ration (SPO2) under general anaesthesia with 1%
isoflurane and 35% oxygen. A midline abdominal in-
cision was used to expose the inferior vena cava
(IVC), and the right common, internal and externaln behalf of European Society for Vascular Surgery.
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jected intravenously to prevent thrombus formation.
A 16 French silicon tube was inserted into the right in-
ternal or external iliac vein (Fig. 1). Ten ml blood of
the swine with 100-unit thrombin was put into
a tube with 3 or 5-mm internal diameter and left for
two hours to form thrombus. Before injection, throm-
bus (10 mm long and 3 or 5 mm diameter) was soaked
in 10 ml di-agnogreen pigment to facilitate subse-
quent identification.
A commercially available Doppler ultrasound ma-
chine (EME Pioneer, Nicolet Biomedical, Companion,
Madison, WI, USA) was used with a 2-MHz trans-
ducer. The insonation depth was 46e50 mm, and the
sample volume was set to be equal to the IVC diameter
(10e14 mm). An intensity threshold of 3 dB and
a 128-point fast Fourier transform with a time-window
overlap of 67% were used for spectral analysis, both
leading columns and trailing columns were 250. Scale
setting was50 to 100 cm/s, and a high pass filter was
set at 150 Hz. Amplitude was reduced to 31%. Gain
was adjusted to make the main flow signal detected
by Doppler ultrasound apparatus have a pale blue col-
our, corresponding to a background intensity 3 to 9 dB.
All Doppler audio signals were recorded onto hard
disc of the same Doppler ultrasound machine for off-
line analysis. One save time was 4.1 seconds. Sound-
Track software (Win TCD EXE Version: 3.3.4.11),supplied with this machine, was used to rule out arte-
facts. The following identification criteria as HITS was
used for off-line analysis: intensity increase more than
or equal to 3 dB above background, short duration
(less than or equal to 300 msec), unidirectional, ran-
dom appearance in the cardiac circle, and with charac-
teristic sound on the audible output, in accordance
with a recent consensus.12e18 Great care was taken to
exclude air from the cannula.
Saline solution (10 ml) was injected to confirm that
IVC flow was detected through the liver by Doppler
ultrasound apparatus (Fig. 1). After no HITS had
been detected for 10 minutes, thrombi were injected
into the iliac vein through the 16 French silicone rub-
ber tube. Doppler ultrasound monitoring was done
continuously at the IVC and recorded on the hard
disc through the experiment. Swine were sacrificed
with substantial amount of anaesthetic drug. Lung tis-
sue was extracted, which was assessed by histopatho-
logical examination. After 50 thrombi (10 5 mm)
were injected, the appropriate confidence level was
studied by detection rate of clots as HITS. Detection
rate was represented in receiver operating characteris-
tic (ROC) curve. The criteria used for selecting cut-off
points were that sensitivity exceeded 60% and that
false positive rate was less than half the sensitivity.
Thrombi (length and diameter; 5 5 mm, 10 3 mm,
10 5 mm) were injected and the detection rate wasFig. 1. (a) A 16 French silicone rubber tube was inserted into the right internal or external iliac vein. Thrombi were injected
through the silicon tube into the iliac vein. (b) HITS were detected at the IVC through the liver by Doppler ultrasound de-
vice. HITS: high intensity transient signal, IVC: inferior vena cava.Eur J Vasc Endovasc Surg Vol 35, January 2008
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dence. Thrombi (10 5 mm, 10 3 mm) were injected
to examine whether embolic size could be estimated
with intensity, velocity, and transit time, which meant
duration for an embolus to pass through the window.
The animal experiments were reviewed by the
Committee on Ethics on Animal Experiments in the
Factory of Tokyo Medical and Dental University and
were carried out the Guidelines for Animal Experi-
ments in the Factory of Tokyo Medical and Dental
University and The Law (No. 105) and Notification
(No. 6) of the Government. ‘‘Principles of Laboratory
animal Care’’ formulated by the National Society for
Medical Research and the ‘‘Guide and Use of Labora-
tory Animals’’ prepared by the Institute of Laboratory
Animal Resources, National Research Council, and
published by the National Academy Press, revised
in 1996 was also followed.
Statistics for between-group differences were calcu-
lated with ManneWhitney U-test. Continuous vari-
ables were described as mean and standard deviation.
Variable difference was considered to be significant if
the P value was less than 0.05. Stat-View ver 5.0 (SAS
Institute, CA, USA) was used to calculate correlation
coefficient, and the statistics processing depended on
a doctor separate from an experiment.
Results
An embolus was detected as HITS by Doppler ultra-
sound monitoring when a pigmented thrombus
(10 5 mm) was injected (Fig. 2), which was con-
firmed by histological examination of the pulmonary
artery (Fig. 3).
If the confidence level was 10% and all HITS were
recorded onto the hard disc, 59 out of 112 (52.7%)
thrombi (10 5 mm) with no air could be detected
as HITS by off-line analysis. The appropriate confi-
dence level was 60% using ROC curves, which repre-
sented the best setting to detect thrombus because
sensitivity exceeded 60% and false positive rate was
less than half the sensitivity (Fig. 4).
22 out of 25 thrombi (10 5 mm) were detected as
HITS, and 28 out of 35 thrombi (10 3 mm) were de-
tected as HITS. Blood pressure was maintained above
100 mmHg, ECG showed no arrhythmia except for
slight tachycardia, and SPO2 did not deteriorated
even after 25 thrombi were injected. The mean
passage time was 34.1 S.D. 16.5 msec (range 12e
87 msec). The mean velocity was 21.7 S.D. 9.8 cm/s
(range 4.8e44.6 cm/s). Increasing the diameter of
the injected emboli resulted in greater strength of re-
flected signal, with 9.8 S.D. 3.8 dB for 5 mm beingEur J Vasc Endovasc Surg Vol 35, January 2008compared with 8.1 S.D. 2.5 dB for 3 mm, which was
significantly different ( p¼ 0.03, Wilcoxon) (Fig. 5).
When thrombi were assumed to flow at the maxi-
mum speed (30 cm/s) in the IVC, the estimated length
was 10.4 S.D. 2.8 mm, and 10.8 S.D. 4.9 mm in 3 and
5 mm of diameter, respectively, both of which were
close to the actual 10 mm length of injected thrombi.
Discussion
Currently, PE poses a serious problem as a periopera-
tive complication of surgical operations. Although
efficacy of diagnostic methods using spiral CT,19,20
D-dimer,21e25 arterial blood gas,26,27 and ECG28e30
have been examined and reported, there is only one
report on the method that can objectively evaluate
the presence of emboli.31 The authors documented
that hyper-echoic thrombus could be detected in the
Fig. 2. (a) An embolus could be detected as HITS (white ar-
row) by Doppler ultrasound device when a thrombus was
injected. (b) HITS was confirmed after off-lime analysis be-
cause the reflected wave showed synchronization. HITS:
high intensity transient signal.
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tions using Doppler ultrasound apparatus have been
established for the peripheral arterial system. In the
current study, thrombi could be detected as HITS after
confirming that no emboli were detected at during
steady state prior to the injection of thrombi. We con-
firmed that the injected thrombi (10 5 mm) that
incorporated pigment were identified in the pulmo-
nary artery by histological examination, thus proving
that the injected blood clots passed through the IVC.
Our results suggest that thrombi injected into the
IVC can be diagnosed objectively by Doppler ultra-
sound monitoring in an animal model.
The device settings including signal strength,
threshold, and time-window overlap were based on
previous reports about the peripheral arterial em-
boli.13 The recognition criteria for HITS consisted of in-
crease of signal strength (>3 dB above background),
short duration (<300 msec), same directionality,
Fig. 3. A swine was sacrificed after injection of thrombi and
the lungs were removed. (a) The pulmonary emboli are
clearly seen in the pulmonary artery. (b) The pigmented
emboli (black arrow) in the left pulmonary artery were con-
firmed by histological examination.random occurrence and characteristic sound, and
were also the same as those in the arterial system.15
Automated detection has been reported only for bub-
bles in the subclavian vein by external Doppler ultra-
sound.32 It was considered reasonable to set the
appropriate confidence level based on the sensitivity
versus 1-specificity curve (ROC analysis) where spec-
ificity and sensitivity became optimal in the hyperbolic
curve. If the confidence level was set to 65%, the sensi-
tivity decreased compared to that using a confidence
level of 60%. Because Doppler ultrasound apparatus
monitoring may be used to detect emboli passing
through the IVC as a screening test, we considered
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Fig. 4. The confidence level was set to 10% and all HITS
were recorded onto hard disc for subsequent offline confir-
mation. ROC curve was drawn based on these data. A con-
fidence level was 60% was selected from these curves. HITS:
high intensity transient signal, ROC curve: receiver operat-
ing characteristic curve.
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Fig. 5. A larger diameter of injected thrombus resulted in
more strength of reflected signal, 9.8 S.D. 3.8 dB for 5 mm
being compared with 8.1 S.D. 2.5 dB for 3 mm, which was
significantly different ( p¼ 0.03, Wilcoxon).Eur J Vasc Endovasc Surg Vol 35, January 2008
100 H. Nakamura et al.that high sensitivity was preferable and that a confi-
dence level of 60%would be useful in a clinical setting.
Although emboli were detected as HITS in the ve-
nous system, the detectable thrombi were relatively
large (3 mm in diameter and 5 mm in long or more).
Signal intensities were 8.1 S.D. 2.5 dB or 9.8 S.D.
3.8 dB in 3 mm or 5 mm thrombi, respectively. We es-
timated that a 10 dB signal in the arterial system
would be produced by an embolism of 0.3 mm diam-
eter with a vessel diameter of 10 mm. The reason for
better sensitivity in arteries is that pulsatile arterial
flow produces a higher signal to noise ratio than ve-
nous flow. In the arterial system, there was positive
correlation between intensity and diameter of em-
boli.14 In the venous system, the intensity also in-
creased significantly in 5-mm diameter thrombi
being compared with 3-mm diameter thrombi. The di-
ameter of thrombus could not be estimated accurately
in the venous flow because the intensity of HITS over-
lapped almost completely in the 3-mm and 5-mm
diameter thrombi. The length of thrombus could be
predicted accurately from the duration of the HITS
if the flow rate was assumed to be 30 cm/s in the
IVC. As the flow rate is 25 to 30 cm/s in the femoral
vein in normal human volunteers, it is suggested
that Doppler ultrasound apparatus may be able to
measure the length of emboli in patients with DVT
even if the flow is steady and S/N ratio is low in
the venous flow. It is likely to be possible to detect em-
boli as HITS at the upper extremities because flow
could be detected in the subclavian or axillary veins.
In addition, this technique may be useful in evaluat-
ing the efficacy of IVC filters in patients with DVT
by insonating the IVC above the level of the filter. It
could be established whether emboli occur after walk-
ing by Doppler ultrasound monitoring. It is suggested
that Doppler ultrasound monitoring may be useful to
obtain basic data such as size and number of emboli,
which would be compared with CT findings, oxygen-
ation, and right heart load.
Conclusion
In an animal experiment conducted in swine, venous
emboli could be detected in the IVC by Doppler ultra-
sound monitoring. Embolic length could be estimated
approximately by multiplying passage time by ve-
nous flow rate.
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